Almost complete (>96%) 16s rRNA sequences from nine ruminant mycoplasmas have been determined by solid-phase DNA sequencing. Polymorphisms were found in four of the 16s rRNA sequences, which indicated the existence of two different rRNA operons. Seven polymorphisms were found in Mycoplasma agalactiae, three were found in Mycoplasma bovis, one was found in Mycoplasma alkalescens, and one was found in Mycophinu bovirhinis. The sequence data were used for construction of phylogenetic trees. All but one of the ruminant mycoplasmas sequenced in this work clustered in the hominis group. A close relationship was found between M. agalactiae and M. bovis, with a 99% nucleotide similarity between their 16s rRNA sequences. They were also found to be members of the Mycoplasma lipophilum cluster of the hominis group. Furthermore, the 16s rRNA comparisons showed that Mycoplasma alkalescens and Mycoplasma canadense are closely related (>98.5%), and these species were found to cluster in the Mycoplasma hominis cluster of the hominis group. Interestingly, M. bovirhinis grouped in a new phylogenetic cluster of the hominis group. The new cluster, which was supported by bootstrap percentage values, signature nucleotide analysis, and higher-order structural elements, was named the Mycoplasma synoviae cluster. Mycoplasma bovoculi, Mycoplasma conjunctivae, and Mycoplasma ovipneumoniae clustered in the Mycoplasma neurolyticum cluster of the hominis group. Mycoplasma alvi clustered with Mycoplasma pirum in the M. pneumoniae cluster of the pneumoniae group.
Mycoplasmas (class Mollicutes) are among the smallest microorganisms capable of self-replication and autonomous life. About 150 species are known today, and they are closely related to gram-positive bacteria with a low G+C content in the genome (17) . Many mycoplasmas are pathogenic for animals, and they are therefore of great concern in veterinary medicine (18, 20) . Most mycoplasmas are host specific, and ruminants harbor a number of interesting species. Two very important and closely related species are Mycoplasma bovis and Mycoplasma agalactiae. The former causes calf pneumonia, mastitis, and arthritis in cattle (3, 21) , and the latter species is the causal agent of contagious agalactia in goats and sheep (10) . The other species used for 16s rRNA sequencing in this study are also of clinical significance, except Mycoplasma alvi. Mycoplasma alkalescens causes arthritis in cattle. M. alvi has no known disease-causing potential, but has been isolated from the respiratory tract of cattle. Mycoplasma bovirhinis is often isolated from cattle with respiratory disease, but is probably not a primary pathogen. Mycoplasma bovoculi is associated with conjunctivitis and keratoconjunctivitis in cattle and is often found in the eyes of calves. Mycoplasma canadense is believed to cause mastitis in cattle. Mycoplasma conjunctivae is the causal agent of keratoconjunctivitis in goats and sheep, but it is not clear whether it is a primary or a secondary pathogen. Mycoplasma ovipneumoniae is by far the most common mycoplasma isolated from samples of the respiratory tract of sheep and goats. This organism can cause pneumonia in these animals.
Sequence analysis of 16s rRNA has proved to be one of the most useful tools for phylogenetic studies (14) . A breakthrough in the studies of mycoplasma phylogeny occurred in 1989 when Carl Woese and colleagues published a classic paper on the phylogeny of mycoplasmas based on 16s rRNA sequences generated by direct sequencing of rRNA with reverse transcriptase (24) . Proposals for classification of mycoplasmas based on 16s rRNA sequences have been published previously (12, 24) , and a revised taxonomy of the class Mollicutes was recently suggested (22) . Five phylogenetic groups and several clusters (subgroups) of mycoplasmas were defined (24) , and that nomenclature is used in this work. We have determined the 16s rRNA gene sequences of seven additional mycoplasmas from ruminants by solid-phase DNA sequencing and determined their phylogenetic positions. In addition, a sixth novel cluster within the hominis group is described.
MATERIALS AND METHODS
Bacterial strains, growth conditions, and sample preparation. The mycoplasmas used in this work were obtained from the culture collection of the Mycoplasma Laboratory at the National Veterinary Institute (Table 1 ). All mycoplasmas were grown in the appropriate medium (2). One milliliter of outgrown suspension cultures was centrifuged, washed once in phosphate-buffered saline, and finally resuspended in 1 ml of water and heated in a boiling water bath for 5 min. The suspensions were then rapidly chilled on ice and stored at -20°C until use.
In vitro amplification of the 16s rRNA gene. Amplification of the 16s rRNA gene was performed with a pair of primers complementary to the regions close to the 5' and the 3' termini of the gene. A segment consisting of more than 95% of the gene was thereby amplified. One microliter of the lysed suspensions of each mycoplasma was amplified with the primers RITS93 and RIT620B (Table  2 ). The PCR products were diluted 50-fold and subjected to two different seminested amplifications. The primers RITS93 and RIT390B were used in ode of the amplifications, and RIT388 and RIT620B (Table 2) were used in the second seminested reaction. Biotinylated PCR products, suitable for solid-phase DNA sequencing, were generated with 5 pmol of each primer, and the following thermocycling profile was used. Denaturation at 96°C for 15 s and a combined primer annealing-extension step at 70°C for 90 s were repeated 30 times. A final extension at 72°C for 10 min was also used.
Automated solid-phase DNA sequencing reactions. The biotinylated PCR ' About 30% determined by solid-phase sequencing of a PCR product including the variable regions V6, V7, and V8.
' The complete 16s rRNA sequence of the wlvl operon was determined after cloning of the gene and conventional DNA sequencing.
'I Sequence of the nnB operon.
'' Some strains are arginine hydrolyzers, but not the type strain.
products were immobilized onto streptavidin-coated super paramagnetic beads (Dynabeads M-280 streptavidin [Dynal AS, Oslo, Norway]), and the strands were separated as described previously (7, 8, 15, 16, 23) . Both strands were used for sequencing. The sequencing primers were labeled with the indodicarbocyanine dye ALFred ((35) phosphoramidite (Pharmacia Biotech, Uppsala, Sweden) for detection with the red laser-based automated laser fluorescent DNA sequencing system ALFexpress (Pharmacia Biotech). The sequences and positions of the sequencing primers are listed in Table 2 . All sequencing primers were purified by reverse-phase liquid chromatography and kindly provided by Pharmacia Biotech. One picomole of the sequencing primer was used in the sequencing reactions. DNA sequencing with the ALFexpress electrophoresis unit. The gel cassette was assembled with continuous glass spacers with a thickness of 0.3 mm (thin gel). Fifty milliliters of a gel solution consisting of 5% Hydro-Link in 1.5X Tris-borate-EDTA was prepared from 50% Hydro-Link Long Ranger Gel Solution (AT Biochem, Malvern, Pa.). Polymerization was achieved by addition of 25 p1 of N,N,"N-tetramethylethylenediamine and 250 pl of 10% ammonium persulfate. The Sanger fragments were separated by electrophoresis at 45°C with 0.5X Tris-borate-EDTA as running buffer. The experimcntal conditions were 1,500 V, 38 mA, and 20 W. The sequence was monitored on-line.
Analysis of 16s rRNA sequences. The 16s rRNA sequences from the ruminant niycoplasmas determined in this work were manually aligned with a selection of 16s rRNA sequences from Mycoplusmu species, which were retrieved from the data bank of the Ribosomal RNA Database Project (11) . Two different alignments were performed. One was composed of representatives of the hominis group, and the other consisted of sequence data from members belonging to the pneumoniae group. A secondary structure model of the 16s rRNA molecule of Mycoplasma hyopneumoniae (6) was used for identification of stem and loop regions in the alignment procedure. The alignments were corrected for ambiguously aligned positions. The phylogenies were inferred by using the neighborjoining program (NEIGHBOR) of Saitou and Nei (19) contained in the Phylogenetic Inference Package, PHYLIP version 3 . 5 1~ (5). Bootstrap analysis was performed in a set of 500 resamplings with the SEQBOOT program. The similarity matrices were corrected for multiple base changes at single locations by the method of Jukes and Cantor (9).
Nucleotide sequence accession numbers. The sequences of the 16s rRNA genes from the ruminant mycoplasmas have been deposited in GenBank (National Center for Biotechnology Information, Bethesda, Md.) under the accession numbers listed in Table 1 .
RESULTS AND DISCUSSION
Sequences of the 16s rRNA genes. Solid-phase DNA sequencing resulted in nearly full-length sequences (>96%) of the 16s rRNA genes of the nine ruminant mycoplasmas listed in Table 1 . PCR was used for amplification of the 16s rRNA genes, and sequence data of the termini of the genes are therefore lacking. Polymorphic positions (microheterogeneities) were observed for M. alkalescens, M. bovirhinis, M. bovis, and M. agalactiae, and 1, 1,3, and 7 microheterogeneities were observed in the respective species. All polymorphisrns were present in approximately equal amounts (a 1:l ratio) and indicated the existence of two different 16s rRNA genes in these species. This kind of microheterogeneity has earlier been reported for mycoplasrnas of the Mycoplasma mycoides cluster in the spiroplasma group (15, 16) .
Comparisons with previously published 16s rRNA sequences of Mycopfusm species. A complete sequence from a clone of the 16s rRNA gene was previously published for M. bovis DonettaT (13) . That sequence was designated to originate from the rmA operon. Strain DonettaT was resequenced in the present work, and the consensus sequences of the 16s rRNA genes from both operons were determined. No discrepancies between the sequences were observed, but the genes from the two operons were found to differ by three nucleotides. The sequence of the nnB operon could, therefore, easily be deduced from the consensus sequence obtained in this study, by subtraction of the d sequence, as described recently (16) .
A version of the 16s rRNA sequence determined by the reverse transcriptase method from M. uguluctiue was deposited previously (24) . The M. aguluctiae sequence determined in this work was 35 nucleotides shorter in the 3' end, but was extended by 31 nucleotides in the 5' end. According to the numbering of the published sequence, a G should be inserted The fact that two of the seven polymorphisms also were found by direct rRNA sequencing with reverse transcriptase (24) indicates that the 16s rRNA genes of both operons of M. uguluctiue are transcribed. However, it remains to be shown if these small sequence differences between the 16s rRNA molecules have any biological significance. The remaining five polymorphisms could probably not be identified by sequencing with reverse transcriptase and evaluation by autoradiography, which has less resolving power than the ALFexpress system. None of the polymorphisms which occurred in stem regions in the 16s rRNA molecule has resulted in a nucleotide substitution in the complementary position of the stem. This is in agreement with recent findings for the members of the M. mycoides cluster (16) . Phylogenetic analysis of mycoplasmas from ruminants. The final alignments consisted of 1239 and 1341 nucleotides of the 16s rRNA sequences from mycoplasmas from ruminants determined in this study and selected Mycoplasmu species from the hominis and the pneumoniae groups, respectively. Acholeplasma laidlawii and Mycoplasma cupricolum subsp. capripneumoniae served as out-groups in the phylogenetic trees which are shown in Fig. 1 and 2 . The corresponding evolutionary distance matrices are presented in Table 3 and Table 4 . Eight of the nine ruminant mycoplasmas were found to be phylogenetically related to the hominis group (Fig. 1) . M. ovipneumoniae, M. bovoculi, and M. conjunctivae clustered with the mycoplasmas belonging to the M. neurolyticum cluster. A 95.5% similarity was found between M. bovoculi and M. conjunctivae, while M. ovipneumoniae is closely related to M. hyopneumoniae, which is in agreement with previous findings based on partial sequences of the 16s rRNA gene (15) . Furthermore, these three species showed the additional nucleotide (a uridine residue) after position 722, according to the Escherichiu coli numbering system (4), which is a higher-order structural element of the Mycoplasmu neurolyticum cluster and which is generally not found in the 16s rRNA molecules of other bacterial species. M. ulkulescens and M. cunudense were found to be 98.6% similar to each other (Table 3) , and both clustered in the M. hominis cluster of the hominis group. M. canadense grouped into this cluster also when partial sequences were used for comparison (15) . Two very important mycoplasmas in veterinary medicine, the caprine species M. agalactiae and the bovine species M. bovis, were both resequenced in this work, and their 16s rRNA sequences were found to be very similar (>99.8%). M. agulactiae and M. bovis were, on the basis of biochemical reactions, originally classified as subspecies of the same species. However, on the basis of serological and DNA-DNA reassociation experiments, they were later reclassified as separate species (1). The 16s rRNA sequence data showed that the type strains of M. aguluctiae and M. bovis are closely related, but not identical. Neither do they share any of the polymorphic positions of their 16s rRNA genes. Thus, we believe that there are no reasons to consider another reclassification of these species at this point. An interesting study would be to determine the 16s rRNA sequences of other strains of these species. The dendrogram (Fig. 1) shows that the phylogenetic positions of M. uguluctiue and M. bovis are within the M. lipophilum cluster. The eighth species from ruminants, M. bovirhinis, was found to be positioned within a new cluster of the hominis group, which is described in detail below. The ninth mycoplasma from ruminants, M. ulvi, was 97.8% similar to Mycoplasma pirum and was positioned within the M. pneumoniue cluster of the pneumoniae group of the mollicutes. M. ulvi also shared the three synapomorphies with the members of the pneumoniae group rRNA-based phylogeny in relation to some biochemical reactions. The two most important biochemical reactions used to differentiate mycoplasmas are glucose fermentation (Glu+) and arginine hydrolysis (Arg+). M. alvi is the only species sequenced in this work which clustered in the pneumoniae group, and it also has a unique biochemical profile (Glu+ and 
Positions are given according to the E. coli numbering (4).
" Residue present in mycoplasmas of the M. synoviae cluster with no exception, if not otherwise stated (i.e., position 746). ' Dominating residue found in mycoplasmas of the hominis group with no more than one exception.
' Dominating residue found in eubacteria in a position with a signature feature for the M. Asynoviae cluster.
' Numbers in parentheses denote the number of sequences in which the actual residue is found. Groups and subgroups are according to those defined by The
Ribosomal Database Project (1 1). Abbreviations: Plnc; Planctomyces spp. and relatives; P-Prpl, The beta subdivision of purple bacteria (class Proteobacteria); FCB,
Flexi bacter-Cytopliaga -Bacteroides p hy lum .
Dominating residue found in other mycoplasmas.
gallinaceum. which has a uridine residue in this position.
(Glu' and Arg-) which they also share with M. neurolyticum. M. bovirhinis, which clustered in the proposed new M. synoviae cluster of the hominis group, also has this biochemical profile in common with M. synoviae and M. felis of this cluster. The biochemical profile of M. alkalescens and M. canadense is (Glu-and Arg+), which they have in common with M. hominis. These species belong to the M. hominis cluster of the hominis group. In general, closely related species within a phylogenetic cluster have the same biochemical profile, whereas more distantly related species within a cluster can have different biochemical profiles. Thus, glucose fermentation and arginine hydrolysis cannot be used to study the relationships between mollicutes, which has been pointed out earlier (24) . However, these phenotypes are useful as a step in the identification of species. The M. synoviae cluster: a new phylogenetic cluster within the hominis group. Five distinct clusters of the hominis group were defined by Woese and coworkers (24) . These were denoted as the M. hominis cluster, the M. lipophilum cluster, the M. pulmonis cluster, the M. sualvi cluster, and the M. neuroZyticum cluster, with a nomenclature associated with a representative member of each of the clusters. The phylogenetic tree of the hominis group constructed in this work, represented by Fig. 1 , formed six distinct clusters. Therefore, we aligned all currently deposited and almost complete 16s rRNA sequences from 35 mycoplasmas belonging to the hominis group (data not shown). The mycoplasma species phylogenetically positioned at the branch of M. synoviae were found to have several features in common to justify designation of a new cluster within the hominis group. Despite long branches (Fig. 1 ) and distant relations (Table 3) , we consider "Mycoplasma agassizii", M. pulmonis, Mycoplasma mobile, and M. sualvi to be two clusters that consist of two species each. These four species can also be seen as four different and phylogenetically true clusters (each consisting of only one species). However, we believe that the latter phylogeny has to be proven when 16s rRNA sequences from close relatives from each of these four species have been generated. Like the species of the neighboring M. lipophilum cluster, the members of the M. synoviae cluster (including the partially sequenced species M. canis and the buzzard isolate Mycoplasma sp. M207/78) have two extra residues inserted in the locale between positions 722 and 723 of the rRNA molecule. These residues can be regarded as prone to mutation, since they vary between the different species of the two clusters. A discerning oligonucleotide pattern that can be regarded as significant was not found between the two clusters. This attribute occurs nowhere else among the procaryotes and supports the tree (Fig. 1) in that the M. lipophilum cluster and the M. synoviae cluster originate from a common and ancestral branch. In contrast, the M. synoviae cluster does not share the other two higher-order structural elements considered to be idiosyncratic for the M. lipophilum cluster (24) . These structural elements comprise the 5-bp truncation of the helix between positions 1435 and 1466 of the 16s rRNA molecule and the insertion of a C G (U -G for M. meleagridis, which belongs to the M. lipophilum cluster) base pair in the stalk and a one-nucleotide reduction in the terminating loop at position 420. The latter feature was seen in only 8 of 10 members of the M. lipophilum cluster and is rarely found among the eubacteria. A loop-proximal pair is, however, also found in all members of the pneumoniae group, but with the composition U A in the vicinity of the loop at position 420. Another higher-order structural feature for the members of the M. synoviae cluster was their lack of the helix between positions 1126 and 1144. This truncation is also present in the 16s rRNA molecule of the members of the pneumoniae group. As for the pneumoniae group, the helix was found to be replaced by four to five nucleotides, but with a higher variability in the nucleotide composition for the M. synoviae cluster. Forthermore, the M. synoviae cluster can be characterized by several signature nucleotides and unique nucleotides ( Table 5 ). The G * U and A -U base pairs at positions 157 * 164 and 158 -163, respectively, terminated by the loop at 159 constitute the unique oligonucleotide, TGAGAAATTA (unique nucleotides are in boldface), for this cluster compared with other mycoplasmas. However, this oligonucleotide sequence is shared with Asteroleplasma anaerobium. Moreover, the positions 746 (C), 824 (G), and 876 (C) were found to be unique not only among the mollicutes, but also when compared with those of all eubacterial species (Table 5) . Furthermore, the branch lengths and bootstrap values in the phylogenetic tree support the introduction of a new cluster in the hominis group, the M. synoviae cluster (Fig. 1) In conclusion, the six clusters in the hominis group which are considered to be true phylogenetic units are (i) the M. synoviae cluster (7 characterized species), (ii) the M. Zipophilum cluster (10 characterized species), (iii) the M. hominis cluster (7 characterized species), (iv) the M. pulmonis cluster ( 2 characterized species), (v) the M. sualvi cluster (2 characterized species), and (vi) the M. neuroEyticum cluster (7 characterized species). However, the branching order among the eight clusters was not considered to be established, except for the M. lipophilum cluster and the M. synoviae cluster, in that they originated from a common ancestral branch.
